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SH3-SH2 Domain Orientation in Src Kinases:
NMR Studies of Fyn
SH2 linker residues with glycines activates c-Src [8].
Molecular dynamics simulations of c-Src and Hck kinase
suggested a dynamic, Src assembly state-dependent
Tobias S. Ulmer,1 Jo¨rn M. Werner,1
and Iain D. Campbell1,2,3
1Department of Biochemistry
University of Oxford SH3-SH2 coupling that is tight in the assembled inactive
state and becomes more flexible when the phosphory-South Parks Road
Oxford OX1 3QU lated kinase domain tail (Y527) no longer binds to the
SH2 domain [8]. The existence of a “snap lock” mecha-United Kingdom
2 Oxford Centre for Molecular Sciences nism for the SH3-SH2 domain-domain interface has
been proposed [8].University of Oxford
South Parks Road The present NMR study examines the isolated SH3-
SH2 fragment from the Src family kinase Fyn (FynSH32)Oxford OX1 3QT
United Kingdom in solution. Fyn is highly homologous to most other Src
family kinases, e.g., it shares overall sequence homolo-
gies of 74.4% and 63.1% with c-Src and Hck, respec-
tively; therefore, the results obtained are expected toSummary
be generally applicable to Src family kinases. Isolated
SH3-SH2 fragments are expected to correspond to theThe regulatory domains of Src family kinases SH3 and
active, dissociated SH3-SH2 state, where the two do-SH2 suppress Src activity when bound to the catalytic
mains are uncoupled from the kinase domain. The struc-domain. Here, the isolated SH3-SH2 fragment from
tures of assembled inactive Src states are known (e.g.,the Src family member Fyn (FynSH32) is studied by
Figure 1) and crystal structures of isolated SH3-SH2NMR. The properties of this fragment are expected to
fragments are available; nevertheless, it is of consider-be similar to the domains in the active state, where
able interest to have more information about the relativethey are dissociated from the catalytic domain. Cross-
SH3-SH2 domain orientation and interdomain couplingcommunication between SH3 and SH2 of FynSH32,
of SH3-SH2 fragments in solution. Therefore, the extentmeasured by chemical shift perturbation, was found to
of Fyn SH3-SH2 crosscommunication and interdomainbe small. Diffusion and alignment anisotropy measure-
coupling is characterized here. The average Fyn SH3-ments showed that SH3 and SH2 of peptide-bound
SH2 domain orientation is determined and compared toFynSH32 are significantly coupled but still exhibit some
the SH3-SH2 orientation in the inactive, kinase-boundinterdomain flexibility. The observed average domain
state to provide insight into Src kinase regulation. Cross-orientation indicates that a large SH3-SH2 domain clo-
communication between SH3 and SH2 of FynSH32,sure is required to reach the inactive state. The impli-
measured by chemical shift perturbation, was found tocations of these results for Src regulation are dis-
be small. Diffusion and alignment anisotropy measure-cussed.
ments showed that SH3 and SH2 of peptide-bound
FynSH32 are significantly coupled but still exhibit some
Introduction interdomain flexibility. A large SH3-SH2 domain closure
is required for peptide-bound FynSH32 to reach the
Fyn is a member of the Src nonreceptor tyrosine kinase inactive, kinase-bound SH3-SH2 orientation.
family, which comprises highly conserved signaling pro-
teins involved in a wide range of cellular functions. Src Results and Discussion
family kinases are comprised of a catalytic tyrosine ki-
nase domain preceded by two ligand binding regulatory Crosscommunication between SH3 and SH2
domains, SH3 and SH2. Regulation of kinase activity is of FynSH32
mediated by the formation of an intramolecular complex The chemical shift of a nucleus is very sensitive to its
between SH3 and/or SH2 and the kinase domain. Phos- local structural environment. Here, backbone 1HN and
phorylated Tyr527 in the C-terminal kinase domain tail 15N chemical shift changes between peptide-bound and
and part of the SH2-kinase domain linker provide intra- free FynSH32 states were used to explore the propaga-
molecular ligands for SH2 and SH3, respectively, leading tion of structural changes (crosscommunication) from
to an assembled inactive kinase state (Figure 1) [1–3]. the ligand binding site on one domain to the adjacent
Dephosphorylation of Tyr527 or the binding of external domain.
ligands to the SH3 and/or SH2 domain results in dissoci- Three different peptide ligands were employed: a pro-
ation of SH3 and/or SH2 from the kinase domain and line-rich peptide, derived from focal adhesion kinase
self-activation of Src kinases (reviewed in [4, 5]). For full FAK3A, which binds to SH3 of FynSH32 with a KD ofcatalytic activity, dissociation of both SH3 and SH2 from 3.2 105 M [9, 10]; HMTA, a phosphopeptide derived
the kinase domain is required [6, 7]. The extent of cou- from the hamster polyomavirus middle T antigen [11],
pling between SH3 and SH2 appears to play a significant which binds to the Src SH2 domain with a KD of 2 role in this activation process, since substitution of SH3-
Key words: domain orientation; dynamic domain coupling; residual
dipolar coupling; rotational diffusion anisotropy; Src kinase; SH3-SH23 Correspondence: idc@bioch.ox.ac.uk
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sequence motif, which is somewhat similar to the SH3
consensus binding sequences [18], so the observed
shift is probably due to weak binding of excess HMTA
peptide. H104, which is also far from the linker region,
is suspected to be very sensitive to small changes in
pH near its pKa value. All other identified residues are
either within the linker (D142 and I144) or close to the
linker (L86, A139, W149, G152, Q225, and S246), indica-
tive of changes in domain-linker contacts. Upon close
inspection of the domain-linker region, it appears that
L86 and G152, the only residues not in direct contact
with linker residues (Figure 3), are coupled to the linker
via V141 and Y150, respectively. The 1HN nucleus of L86
packs against the side chain of V141 (Figure 3A), and
its shift is likely to reflect small structural changes of
the side chain of V141, whose own 1HN-15N nuclei are
actually further away from its side chain and do not
Figure 1. Cartoon Representation of Human c-Src Kinase in the
exhibit shift changes (Figure 2A). Similarly, the 1HN nu-Assembled, Inactive State
cleus of G152 directly faces the aromatic ring of Y150In the assembled inactive Src state, SH3 binds to the SH2-kinase
(Figure 3B). Furthermore, the detected shift changes ondomain connector (yellow), and SH2 binds to the phosphorylated ki-
the SH2 domain (Figure 3A) suggest that linker residues,nase domain tail (Y527; orange). The SH3-SH2 linker is shown in red.
which have been unobservable here (Figure 2), are in-
volved in domain-linker contacts.
107 M [12], and SM1, a phosphopeptide derived from The small magnitude of the chemical shift changes
residues 522–532 of the regulatory tail of human Src, propagated into the respective adjacent domain indi-
which binds with a KD of 2.9  105 M [12]. The different cates that the underlying structural changes are also
affinities of SM1 and HMTA can be explained, simplisti- small. These results suggest that the occupancy of one
cally [12], by their SH2 binding sequences, pYQPG and binding site has no influence on the occupancy of the
pYEEI, which resemble a one- and two-pronged plug, binding site on the adjacent domain, and binding site
respectively, inserting into a two-holed socket (the SH2 occupancy does not significantly affect interdomain
domain) [13]. coupling between SH3 and SH2 of FynSH32.
Figure 2A shows the chemical shift changes commu-
nicated from SH2 to SH3 upon peptide binding to SH2.
The direct ligand-induced shift changes occurring in Interdomain Coupling between SH3 and SH2
of Peptide-Bound FynSH32SH2 are not shown, since the binding of peptide ligands
to individual Fyn SH3 and SH2 domains has been stud- In this section the magnitude of the alignment and, par-
ticularly, the diffusion tensors of SH3 and SH2 domainsied previously in great detail [14–16]. Differences in the
shifts induced by SM1 and HMTA (Figure 2A) show that of peptide-bound FynSH32 (FynSH32*FAK3A*HMTA)
are compared, to obtain information about the extentthe extent of shift changes is related to the affinity of
the peptide and the mode of binding (see e.g., the 1HN of motional coupling between SH3 and SH2 (interdomain
coupling). Peptide-bound FynSH32 is expected to corre-shift of L86). 1HN shift changes of 0.01 ppm or 15N shift
changes of 0.1 ppm were considered significant, thus spond to SH3-SH2 in the active, dissociated Src state
(when bound to external ligands); therefore, insight intoidentifying the resonances of residues L86, T97, H104,
A139, and D142 as being perturbed. The extent of chemi- the dynamics of this state was sought. The results are
interpreted within the two limiting cases of a fully flexiblecal shift changes in SH3 upon peptide binding to SH2
is similar to that found for SrcSH32 [17]. Figure 2B shows and a fully rigid domain linkage. In the fully flexible case,
the diffusion tensor parameters would correspond tothe shift changes communicated from SH3 to SH2 upon
peptide binding to the SH3 domain. Here, for practical parameters observed for individual isolated SH3 and
SH2 domains. In the fully rigid case, the diffusion tensorreasons (less signal overlap and reduced 1HN solvent
chemical exchange) SH32*FAK3A*HMTA was compared parameters would describe one globular structure, with
experimental parameters similar to the parameters cal-to SH32*HMTA. For SH2, the resonances of residues
I144, W149, G152, Q225, and S246 could be identified culated from the (rigid) FynSH32 crystal structure.
Backbone 15N longitudinal and transverse relaxationas significantly shifted. For completeness, we note that
similar results were obtained for the comparison of times, T1 and T2, are sensitive to rotational diffusive mo-
tions and were used to determine the molecular diffusionSH32*FAK3A*HMTA with SH32*FAK3A and for the com-
parison of SH32*FAK3A with SH32 (data not shown). tensors [19, 20]. In certain liquid crystalline media, such
as bicelles, a small degree of molecular alignment withFigure 3 indicates the location of all residues with
an observed shift difference above the chosen cutoff the magnetic field is induced on cosolute molecules
[21]. This alignment results in residual dipolar couplingsvalues, except T97 and H104, on the crystal structure
of free FynSH32. The effects observed for T97 and H104 (RDCs) between H-N nuclei, which depend on the nature
of the alignment. In bicelle medium, the alignment ismay not be due directly to ligand binding to the SH2
domain, since T97 is within the ligand binding site of molecular shape dependent, hence, also dependent on
diffusive motions. Experimentally, the diffusion andthe SH3 domain (Figure 3B). HMTA contains a P(x)5P
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Figure 2. Absolute 1H and 15N Chemical Shift Differences between Free FynSH32 and FynSH32 Bound to Peptide Ligands
(A) Chemical shifts for residues 84–145 (the SH3 domain plus linker) of FynSH32 are compared with residues 84–145 of FynSH32*SM1 (black
columns) and of FynSH32*HMTA (gray columns).
(B) Chemical shifts for residues 142–246 (the linker plus SH2 domain) of FynSH32*HMTA are compared with residues 142–246 of FynSH32*HM-
TA*FAK3A.
Chemical shift changes of the domains to which the peptides bind directly are not shown. Linker residues S143 and A146–E148 could not be
observed, probably due to rapid 1H solvent chemical exchange at pH 7.0. The other gaps are due to signal overlap or rapid solvent exchange
of the corresponding 1H nuclei.
alignment tensors can be determined in an analogous H-N internuclear coordinates are generally required in this
process and render the quality of the fits, i.e., the valuefashion. An error function, 2 , describing the agreement
between experimental and calculated T1/T2 ratios and of 2 , dependent on the accuracy of the input H-N coor-
dinates. Consequently, 2 can also be used to judge theRDCs, respectively, is minimized to find the tensor pa-
rameters that best reproduce the experimental results. accuracy of the input structure. For free FynSH32 a
Figure 3. Chemical Shift Changes Propa-
gated between SH3 and SH2 of FynSH32
upon Peptide Binding Mapped on the Crystal
Structure of FynSH32 (B Form)
Linker residues affected by peptide binding
(D142 and I144) are shown in blue. Linker resi-
dues S143 and A146–E148, which could not
be observed, are shown in yellow. Residues
affected by peptide binding to the adjacent
domain (L86, A139, W149, G152, Q225, and
S246), revealing domain-linker contacts, are
shown in green (S246 was not observable in
the crystal structure; therefore, P245 was col-
ored). In (A), V141, whose side chain packs
against 1HN of L86, is shown in orange. In (B),
Y150, whose aromatic ring faces 1HN of G152,
is shown in orange. All other residues are
shown in gray. The ligand binding regions of
FynSH32 are highlighted in dark gray.
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2.6 A˚ X-ray crystal structure [10], with two molecules fusion of SH3. Thus, the characteristics of the SH3 and
SH2 diffusion tensors are found again in their respectiveper asymmetric unit cell, provides two independent co-
ordinate sets, termed A and B, for the fits. Crystal struc- alignment tensors in bicelle medium. In further agree-
ment with the diffusion tensor analysis, lower 2 valuestures of other SH3 and SH2 domains, free and peptide
bound, show that the backbone conformation is virtually are again obtained for the B SH3 coordinates compared
to the A SH3 ones, while the 2 s for SH2 are againunchanged upon peptide binding [13, 22, 23], so the
assumption was made here that this structure can also comparable for the A and B coordinates (Table 2). The
good correlation coefficients between experimental andprovide input coordinates for peptide-bound FynSH32.
Four different diffusion tensors of increasing complexity back-calculated RDCs of 0.983 for B SH3 and 0.979 for
B SH2 also show that the usage of the free FynSH32were tested: an isotropic tensor that is independent of
any molecule coordinates, an axially symmetric tensor backbone coordinates to describe the backbone coordi-
nates of the peptide-bound state is adequate (for thethat can be either prolate or oblate, and a fully asymmet-
ric tensor. F test statistics were used to assess whether selected subset of residues).
A lower limit for the diffusion anisotropy, for the fullya more complex tensor gives a statistically significant
improvement in the description of the experimental data. flexible coupled SH3-SH2 case, is estimated from the
diffusion anisotropies determined for the isolated SH3Table 1 shows the diffusion tensor parameters, experi-
mental 2 , and the 90% confidence limit, 2(  0.10), de- and SH2 domains of Abelson kinase, with values of
1.10  0.05 and 1.12 0.06, respectively [26]. An upperrived from Monte Carlo simulations as well as F test-
derived Q values [24] for the four diffusion models of limit for the diffusion anisotropy, for the fully rigid cou-
pled SH3-SH2 case, is estimated from the FynSH32SH3 and SH2, respectively, of peptide-bound FynSH32
calculated with the FynSH32 A and B coordinates. For crystal structure (Figures 3 and 5A) using a bead model
[27, 28], with values of 1.61 for A, and 1.67 for B,the SH3 domain, experimental 2 values lie outside the
2(  0.10) for all but the fully asymmetric diffusion tensor FynSH32. When these limiting values are compared to
the measured diffusion anisotropies of 1.48  0.08 forof the B form of SH3 (B SH3), indicating that this is the
only acceptable model. Examination of the input T1/T2 SH3 and 1.59  0.07 for SH2, it is apparent that SH3
and SH2 of peptide-bound FynSH32 are considerablyratios shows that the sampling of H-N vector orienta-
tions for SH3 is good, despite a relatively small dataset coupled but still exhibit some interdomain flexibility (i.e.,
the domains are in an “intermediately” coupled state).(Figure 4A). Therefore, the significantly lower 2 values
obtained for the B form of SH3 compared to those ob- The interdomain flexibility is also reflected by the differ-
ences in isotropic correlation times (0.66  0.09 ns),tained for A SH3 suggest that the B coordinates agree
better with the solution structure of (peptide-bound) diffusion anisotropy (0.11  0.10), and molecular align-
ment in bicelles (Table 2) between SH3 and SH2. InFynSH32 than do the A coordinates. The Q values (for
B SH3) also show that the use of the fully asymmetric light of the finding that substitution of SH3-SH2 linker
residues with glycine residues activates the close Fyntensor over the other, simpler tensors is statistically
justified (Table 1). Thus, SH3 of peptide-bound FynSH32 homolog c-Src kinase [8], the extent of SH3-SH2 cou-
pling seems to be “tuned” in evolution to be tight enoughtumbles with a fully asymmetric diffusion tensor, with
anisotropy, 2Dzz/(DxxDyy), of 1.48  0.08 and Dxx/Dyy to allow the formation of a stable assembled inactive
Src complex yet also flexible enough to allow the SH3ratio of 0.62  0.04 (Table 1; B SH3 values). Similar
examination of the data for the SH2 domain of peptide- and SH2 domains to bind to alternative, external ligands
in the dissociated, active Src state.bound FynSH32 indicates that fits using an axially sym-
metric, prolate, and fully asymmetric tensor are of ac- Finally, we briefly comment on the effects of peptide
binding on the interdomain coupling of FynSH32 andceptable quality for both A and B coordinates (Table 1).
The sampling of H-N vector orientations is also good compare it with other isolated SH3-SH2 fragments. Free
FynSH32 was found to be partially aggregated (see Ex-(Figure 4B), and there are less-pronounced differences
between the experimental 2 values for the SH2 A and perimental Procedures) and, hence, unfortunately, not
amenable to a full analysis, as presented for peptide-B coordinates. The Q values for SH2 show that the adop-
tion of the fully anisotropic tensor is statistically not bound FynSH32. The isotropic correlation times of SH3
and SH2 of free FynSH32, which, crudely, measure thejustified in this case (Table 1). Thus, the SH2 domain of
peptide-bound FynSH32 tumbles with an axially sym- rate of rotational tumbling, differ by 0.9  0.2 ns, as we
have reported previously [10]. Although aggregation willmetric, prolate tensor with diffusion anisotropy of 1.59
0.07 (Table 1; A SH2 value). affect this value, judging from the similar difference ob-
served for peptide-bound FynSH32 (0.66 0.09 ns), theTable 2 shows the obtained alignment tensors for SH3
and SH2 of ligand-bound FynSH32 from order matrix interdomain coupling appears not to be substantially
affected by peptide binding to SH3 and SH2. This obser-analysis [25] of residual dipolar couplings (RDCs) mea-
sured in bicelle solution. The range of RDCs, as reflected vation is in agreement with the small chemical shift
changes in the domain-linker region (Figures 2 and 3).by the values of Aa, is similar for SH3 and SH2 and slightly
larger for SH2, an indication for their partial coupling and For the isolated SH3-SH2 fragment of the Src family
kinase Hck (HckSH32), which is structurally highly ho-a slightly stronger alignment of SH2, in accordance with
its more asymmetric shape (higher diffusion anisotropy). mologous to FynSH32 [10], deuterium exchange studies
demonstrated interdomain flexibility [29]. However, theIn the present case, the low alignment tensor rhombicity,
	, of 
0.09 for SH2 reflects the axially symmetric rota- tightness of the overall domain coupling could not be
assessed from the deuterium exchange studies. For thetional diffusion of SH2, while the higher 	 of 0.21 for
SH3 (B form) reflects the fully asymmetric rotational dif- isolated SH3-SH2 fragment of the Src family relative
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Figure 4. The 15N (T1/T2)1 Ratios Used to Determine the Diffusion Tensor of SH3 and SH2 of Peptide-Bound FynSH32 (FynSH32*FAK3A*HMTA)
The 15N (T1/T2)1 ratio is sensitive to rotational diffusive motions of the 15N nucleus bearing molecule. Expressed more quantitatively, the (time-
averaged) orientation of the H-N vector with respect to the rotational diffusion tensor determines the magnitude of 15N (T1/T2)1. The angle 
describes the H-N vector orientation relative to the z axis of the tensor. The wide distribution of data points between sin2 values of 0–1
shows a good representation of possible H-N orientations and indicates powerful restraints. For isotropic rotational diffusion (“a sphere”) all
15N (T1/T2)1 ratios would be equal, independent of . For SH2 the linear increase in the 15N (T1/T2)1 ratio with  is consistent with molecular
reorientation described by a prolate, axially symmetric diffusion tensor. The 15N (T1/T2)1 ratios of SH3 exhibit similar features; however, at
sin2 values close to 1, which correspond to H-N vectors close to the x-y plane of the diffusion tensor, the ratios deviate from a straight line,
reflecting different lengths of the x and y axes of the diffusion tensor. This is indicative of the fully anisotropic nature of the SH3 diffusion
tensor.
Abelson kinase (AblSH32), an NMR study revealed simi- FynSH32 shows the linker region (residues D142–E148)
to be well defined (Figure 5A), with B factors only slightlylar isotropic correlation times for AblSH32 (8.85  0.11
ns for SH3 and 9.49  0.07 ns for SH2 [26]) to those of higher than in the protein core but lower than some loop
regions (cf. Protein Data Bank entry 1g83). Hydrogenpeptide-bound FynSH32 (Table 1). This suggests that
there is a similar SH3-SH2 interdomain coupling in bonds are formed between residues in the linker [8, 10].
Slightly different relative SH3-SH2 domain orientationsAblSH32.
between the A and B coordinates of the crystal of free
FynSH32 [10] suggest that the two conformations foundStructural Basis for the SH3-SH2 Coupling
of Peptide-Bound FynSH32 represent “snapshots” from a range of possible domain-
domain orientations. We have previously noted low posi-Since there are no direct domain contacts between SH3
and SH2 of peptide-bound FynSH32 (Figure 3), interdo- tive 15N-{1H} NOEs for linker residues, such as I144, in
both free and peptide-bound FynSH32 [10] in solution,main coupling must be mediated by the linker region.
In solution, domain coupling will therefore critically de- indicating that the solution state of the linker is less well
ordered than in the crystal state. This is consistent withpend on the specificity of domain-linker contacts and
linker stiffness. The linker contacts SH2 over a surface the ability to communicate only relatively small chemical
shift changes through the linker region into the adjacentof600 A˚2 and SH3 over450 A˚2 (Figure 3), with mainly
hydrophobic interactions [10]. The crystal structure of domain (Figures 2 and 3). Thus, it appears that relatively
Table 2. Molecular Alignment Tensors for SH3 and SH2 of Peptide-Bound FynSH32 (FynSH32*FAK3A*HMTA) in 4% (w/v) Bicelle
Solution
Chaina Aa/Hzb 	b /Degc /Degc /Degc 2/Nd
SH3
A 6.27  0.22 0.26  0.03 14.8  2.5 28.4  1.1 43.4  4.0 4.18
B 6.60  0.20 0.21  0.03 12.4  1.9 33.5  1.1 38.2  4.6 1.88
SH2
A 7.85  0.24 0.09  0.03 81.5  32.2 3.3  1.1 60.8  23.7 2.33
B 8.15  0.24 0.01  0.02 110.5e 176.9 24.1 2.17
a Two FynSH32 molecules were found per asymmetric crystal unit, which are referred to as A and B.
b	 denotes the alignment tensor rhombicity, Aa/Ar, where Aa and Ar denote the axially symmetric rhombic components, respectively, of the
traceless alignment tensor in the principal tensor frame.
c The Euler angles , , and  define the rotation that transforms the molecular frame into the principal tensor frame [19]. SH2 and SH3 of A
and B, respectively, have been superimposed to facilitate comparison between A and B.
d2/N is the 2 per residue.
e No uncertainties are given, as the tensor orientation fluctuates around z and z and the x and y axes interchange.
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Figure 5. Comparison of the Crystal Struc-
tures of FynSH32 and AblSH32
Cartoon representations of the crystal struc-
tures of (A) FynSH32 (B form) [10] and (B)
AblSH32 [52]. SH2 domains, blue; SH3 do-
mains, green; seven-residue linkers connect-
ing SH3 and SH2, red (Fyn residues 142–148
and Abl residues 139–145). The regular sec-
ondary structure elements of both SH2 do-
mains were superimposed (C rmsd 0.87 A˚),
showing distinctly different SH3 domain ori-
entations with respect to the SH2 domain in
the crystal structures.
nonspecific, hydrophobic domain-linker contacts, in ad- 53.9  10.4 (for B SH3-SH2). The uncertainties of the
respective inclination angles include the error from thedition to a somewhat disordered linker in solution, are
responsible for the observed domain-domain flexibility measurement of experimental data as well as an esti-
mate of the error arising from uncertainties in the back-within a still considerably coupled environment (interme-
diately coupled domain state). bone FynSH32 crystal structure coordinates, which
could be obtained from the comparison of the FynSH32Interestingly, the relative SH3-SH2 domain orientation
of AblSH32 and FynSH32 are quite different, despite A and B coordinate sets. Both the alignment and diffu-
sion tensor frames yield very similar directions of inclina-similar linker conformations in the crystal structures
(Figure 5). In solution, the AblSH32 linker also exhibits tions between the domains (see Experimental Proce-
dures). The different extent of the inclination arises fromlow positive 15N-{1H} NOEs for residues L141 and E142
[30]. In contrast, the B factors of the linker in the crystal a slightly different orientation of the diffusion and align-
ment tensor of the SH3 domain. This difference is proba-structure are slightly higher than in the protein core but
lower than in loop regions (cf. Protein Data Bank entry bly due to the relatively small T1/T2 dataset available
for the SH3 domain (Figure 4), combined with more-2abl). The different relative domain orientations of
FynSH32 and AblSH32 will be discussed in more detail pronounced sensitivity of T1/T2 ratios to fast internal
H-N motions than to RDCs [32, 34]. Consequently, thebelow.
alignment tensor result is expected to be more accurate
than the diffusion tensor result and is used in the follow-SH3-SH2 Domain-Domain Orientation of Peptide-
ing arguments.Bound FynSH32
The comparison of the different crystal structuresThe orientations of the diffusion and alignment tensors
found for free FynSH32 revealed an 10 variability inobtained for SH3 and SH2 of peptide-bound FynSH32
SH3-SH2 domain-domain inclination [10]. Thus, consid-allow the effective average domain-domain orientation
ering all uncertainties, the difference in solution state[31] to be determined in solution. The relative domain
domain orientation of peptide-bound SH3-SH2 com-orientation is obtained by rotating the individual do-
pared to free FynSH32 in the crystal (Figure 6A) is signifi-mains to align with their principal alignment or diffusion
cant. Different SH3-SH2 dynamics in the crystal statetensor frames (Tables 1 and 2) [32–34]. The average
and crystal-packing restraints provide possible expla-domain orientation of peptide-bound FynSH32 is com-
nations for this difference. The effect of the bound pep-pared to the crystal structure domain orientation of free
tides on the domain orientation is expected to be small,FynSH32.
since there are only small chemical shift differencesThe SH3-SH2 domain-domain inclination (Figure 6)
between peptide-bound and free FynSH32 states.can be defined with relatively high accuracy, but the
SH3-SH2 twist (Figure 6) is more difficult to define be-
cause of the high axial symmetry of the SH2 domain. Comparison of SH3-SH2 Domain Orientation
in Peptide-Bound FynSH32 with the AssembledThe domain twist is therefore left the same as the free
FynSH32 crystal structure (B form). Figure 6A shows the Inactive Src Kinase
The relative domain orientation of peptide-boundSH3-SH2 orientation of peptide-bound FynSH32 after
rotating the domains into their common alignment ten- FynSH32 is compared with the SH3-SH2 orientation in
the inactive, kinase-bound Src state to gain insight intosor frame as compared to the orientation of the free
FynSH32 crystal structure. In both cases the coordi- Src kinase regulation. A crystal structure of the assem-
bled inactive state is available for human Src kinase [1].nates of the B SH3-SH2 form were used. The observed
relative domain orientations deviate by 35.0  9.1. If Since human Fyn and Src kinases share, besides an
overall 74.4% sequence identity, a 100% identity be-the diffusion tensor frames are used rather than align-
ment tensor frames, the domain-domain inclination is tween their SH3-SH2 linkers (Fyn D142-E148 and Src
Structure
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Figure 6. Comparison of the SH3-SH2 Do-
main-Domain Orientation of Peptide-Bound
FynSH32 in Solution with Free FynSH32 in
the Crystal State and c-Src SH3-SH2 in the
Assembled, Inactive c-Src State
(A) Solution state representation of the do-
main-domain orientation of peptide-bound
FynSH32 (red) in comparison with the crystal
structure domain orientation of free FynSH32
(gray; B form). The SH2 domains have been
superimposed. The crystal and solution state
domain orientations, of SH3 relative to SH2,
differ by an inclination of 35.0. C of I144
was chosen as the origin of domain rotations
(cyan), as it is known to be flexible in solution
(see text). Note that no information about the
relative SH3-SH2 domain twist could be ob-
tained and is, therefore, shown in the same
orientation as the crystal structure.
(B) Solution state domain orientation of pep-
tide-bound FynSH32 (red) compared to c-Src
SH3-SH2 in the assembled, inactive c-Src
state (green; Protein Data Bank entry 2src).
The SH2 domains have been superimposed
on their regular secondary structure elements (C rmsd 0.456 A˚). It is evident that a large SH3-SH2 domain closure is required to bind to the
kinase domain. For comparison the crystal structure of free FynSH32 (B form) is shown in gray.
D141-E147), we expect a comparison between Fyn and ments of Fyn and Abelson kinase (Figure 5). A compari-
son of AblSH32 and FynSH32 is worthwhile, since, inSrc to be quite meaningful. Figure 6B compares the
relative domain orientations of these states. It is evident contrast to FynSH32, AblSH32 exhibits direct domain-
domain contacts in its crystal structure. We thus com-that a relatively large domain closure is required for the
simultaneous binding of SH3 and SH2 to the kinase pared the measured diffusion anisotropies of the SH3-
SH2 pairs with the corresponding crystal structures todomain. It is also evident that occupancy of the ligand
binding sites does not bring about this closure. In other assess whether AblSH32 and FynSH32 also behave dif-
ferently in solution.words, the SH3-SH2 domain pair is bound to the kinase
domain in a conformation that deviates distinctly from The diffusion anisotropy of AblSH32 is expected to
be significantly lower than that of FynSH32, since theits average conformation when free in solution. Thus, the
relative SH3-SH2 domain orientation in the assembled AblSH32 crystal structure is more compact than that of
FynSH32 (see Figure 5). The diffusion anisotropies forinactive Src state is dominated by the binding to the
kinase domain, whereas the orientation in the active, peptide-bound AblSH32 at 31C were found to be 1.30
0.09 for SH3 and 1.20  0.08 for SH2 [26] and, thus,dissociated state is dominated by the nature of the SH3-
SH2 interface. This suggests that the SH3-SH2 domain significantly lower than for peptide-bound FynSH32
(1.48  0.08 for SH3 and 1.59  0.07 for SH2 at 34C;interface is tuned to facilitate the binding of external
ligands rather than the internal kinase domain. Table 1). This is consistent with direct Abl SH3-SH2
domain contacts persisting, at least transiently, in solu-The relative SH3-SH2 orientation in the assembled
state appears to be outside the possible range of solu- tion [26]. However, it can also not be excluded that this
difference arises from a more flexible SH3-SH2 couplingtion SH3-SH2 orientations of peptide-bound FynSH32
(Figure 6B). The transition from the free FynSH32 state in AblSH32 than in FynSH32. Interestingly, also for a
member of the Src kinase family, direct SH3-SH2 domainto the assembled kinase-bound state can, thus, be ex-
pected to impose strain on the linker in addition to immobi- contacts have been reported. In the crystal structure of
the isolated SH3-SH2 fragment of Lck kinase, which haslizing relative SH3-SH2 motions. Therefore, the change in
SH3-SH2 domain orientation between the free and kinase- a significantly different SH3-SH2 linker than FynSH32
and SrcSH32 [10], numerous direct SH3-SH2 domainbound state is likely to be accompanied by a change in
interdomain SH3-SH2 coupling. Such a hypothesis is in contacts were found [35].
agreement with recent molecular dynamics simulations
of c-Src and Hck kinases. These simulations suggested Biological Implications
a dynamic, Src assembly state-dependent SH3-SH2
coupling that is tight in the assembled inactive state The Src family of tyrosine kinases is involved in signaling
but more flexible when the kinase domain tail (Y527) pathways that control the growth and differentiation of
detaches from the SH2 domain [8]. cells in response to the activation of cell surface recep-
tors by growth factors, cytokines, or cell surface ligands
[36, 37]. Src family kinases possess two ligand bindingSH3-SH2 Domain Orientation of FynSH32
Versus AblSH32 regulatory domains, SH2 and SH3, which suppress ki-
nase activity when associated with the kinase domainFinally, we return to the difference in relative SH3-SH2
domain orientations between the isolated SH3-SH2 frag- in the cooperatively assembled state and which permit
Relative SH3-SH2 Domain Orientation
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NMR Spectroscopykinase activity when dissociated from the catalytic do-
NMR experiments were performed on spectrometers operating atmain. The present study has determined the relative
1H frequencies of 600 and 750 MHz. Backbone resonance assign-SH3-SH2 domain orientation and extent of SH3-SH2
ment of SH32, SH32*SM1, and SH32*FAK32 has been described
interdomain coupling of the isolated, peptide-bound previously [10]. Assignments of SH32*FAK3A, SH32*HMTA, and
SH3-SH2 fragment of the Src family kinase Fyn SH32*FAK3*HMTA followed directly from comparison of chemical
shifts with the previously assigned samples.(FynSH32) in solution, by NMR spectroscopy. Isolated
As SH2 domains are prone to aggregate [39], we first comparedSH3-SH2 fragments are expected to correspond to the
15N-1H HSQC spectra [40, 41] of 15N-labeled FynSH32, recorded atactive, disassembled Src state, where the two domains
27.5C and 600 MHz, with acquisition times of 78.8 ms (T1) and 81.9are uncoupled from the kinase domain. The SH3 and
ms (T2), at protein concentrations of 0.2, 0.3, 0.4, 0.6, 0.8, and 1.0SH2 domains of peptide-bound FynSH32 were found to mM. At 1.0 mM some protein precipitated over the course of a few
be significantly coupled yet still exhibit some interdo- days, and significant changes, indicative of aggregation, were found
(data not shown). Consequently, we chose a low protein concentra-main flexibility. Substitution of SH3-SH2 linker residues
tion, 0.3 mM, to compare chemical shifts and to conduct the NMRwith glycine residues has previously been shown to acti-
experiments. To calculate chemical shift differences between thevate the close Fyn homolog c-Src kinase [8]. The extent
free and peptide-bound FynSH32 states, we recorded 15N-1H HSQCof SH3-SH2 coupling thus seems to have been tuned
spectra with acquisition times of 78.8 ms (15N) and 163.8 ms (1H) for
to allow the formation of a stable assembled inactive the following samples at 27.5C and 750 MHz: 0.3 mM 65% 2 H-,
Src complex yet also flexible enough to allow the SH3 13C-, and 15N-labeled FynSH32, FynSH32*FAK3A, FynSH32*SM1,
FynSH32*HMTA, and FynSH32*FAK3A*HMTA. Prior to zero fillingand SH2 domains to bind to alternative, external ligands
and Fourier transformation, all data sets were apodized using a 25-in the active, disassembled Src state. A large SH3-SH2
shifted squared cosine-bell window function in the 15N dimensiondomain closure is required for peptide-bound FynSH32
and a Lorentzian to Gaussian transformation in the 1H dimension.to reach the inactive, kinase-bound SH3-SH2 orienta-
The final digital resolution was 3 Hz (0.004 ppm) for 1H, and 5 Hz
tion. Thus, the relative SH3-SH2 domain orientation in (0.07 ppm) for 15N, chemical shifts. Attempts to record carbonyl
the assembled inactive Src state is dominated by the chemical shifts using the HNCO experiment [42] failed because of
low signal to noise ratio. Chemical shifts were referenced with re-binding to the catalytic domain, whereas the orientation
spect to dioxane. All NMR spectra were processed and analyzedin the active, dissociated state is dominated by the SH3-
with Felix 2.3 (Biosym, San Diego, CA).SH2 interface. Comparison of relative SH3-SH2 domain
15N T1 and T2 relaxation times of uniformly 15N-labeled 0.3 mMorientations of Fyn with other isolated SH3-SH2 frag-
FynSH32*FAK3A*HMTA were determined at 34C and 60.8 MHz us-
ments shows a relatively wide range of possible domain ing pulse sequences described in [43]. Eight relaxation delays rang-
orientations, suggesting that the SH3-SH2 domain ori- ing from 20 ms to 1.10 s for T1 and from 8.0 ms to 127.4 ms for T2,
respectively, were used. T1 and T2 time constants were extractedentation has been adapted to their specific external li-
as described previously [10]. 15N T1 and T2 times of 0.3 mM FynSH32gands.
were recorded previously at 27.5C [10]. T2 times were recorded
again at 34C.
Residual dipolar couplings (RDCs) of 0.3 mM 15N-labeledExperimental Procedures
FynSH32*FAK3A*HMTA in anisotropic phase (cf. previous section)
were obtained from spectra at 40C using the in-phase, antiphaseProtein Production and NMR Sample Preparation
scheme [44] with acquisition times of 104.6 ms (15N) and 41.0 msProtein production and NMR sample preparation of human Fyn ki-
(1HN). The buffer used was found to shift the liquid crystalline phasenase SH3-SH2 domains (FynSH32; residues 81–247 with C239S,
transition to somewhat higher temperatures than pure water. ScalarC240S, and C246S; 19.1 kDa) have been described previously [10].
couplings in isotropic solution were recorded in the absence ofIn brief, T7-lac promoter-controlled expression of FynSH32 in E. coli
liquid crystals at 40C. Errors were estimated to be 1.0 Hz for SH3BL21(DE3) cells growing at 30C in M9 minimal medium was induced
couplings and 1.2 Hz for SH2 couplings.at an OD450 of 0.5 for 6 hr in H2O or for 12 hr in D2O solution. FynSH32
was purified from the cell lysate supernatant by phosphotyrosine
affinity chromatography. The purification buffer was exchanged by Rotational Diffusion from 15N Relaxation Data
dialysis followed by four ultrafiltration-dilution cycles into 50 mM To test initially for the aggregation state of free FynSH32 and pep-
phosphate buffer (pH 7.0) and 100 mM Na2SO4. The protein concen- tide-bound FynSH32 (FynSH32*FAK3A*HMTA), experimental T1 and
tration was determined by UV spectroscopy (280 28377 M1 cm1). T2 relaxation times were compared with calculated relaxation times
Peptides were added in 2-fold excess, and the protein concentration as a function of isotropic correlation time and order parameter, S,
was adjusted to its final value in 50 mM phosphate buffer (pH 7.0), using the Lipari and Szabo model [45]. For free FynSH32, most
100 mM Na2SO4, and 5% D2O. Upon addition of peptides the pH residues were found to lie outside the calculated limits (data not
was readjusted with NaOH and HCl, if necessary. Small quantities shown), suggesting that FynSH32 is still partially aggregated and,
of the chemical shift standard dioxane were added to samples that consequently, is not accessible to a complete analysis. Peptide-
were used for chemical shift comparisons. A sample with aqueous bound FynSH32 was, however, found to lie within calculated limits
liquid crystalline phase was prepared by combining buffer and pro- (data not shown) and, hence, appears to be free of aggregation.
tein at twice the final concentration, with an equal volume of 8% To obtain internuclear H-N vectors, we added hydrogen atoms
(w/v) 1,2-O-ditridecanyl-sn-glycero-3-phosphocholine (DTDPC) and to the 2.6 A˚ X-ray crystal structure coordinates of FynSH32 (Protein
1,2-O-dihexyl-sn-glycero-3-phoshpcholine (DHOPC) in molar ratio Data Bank entry 1g83) with the program X-PLOR [46]. T1/T2 ratios
of 3:1 [38] in pure water. All samples were contained in NMR micro- could reliably be measured for 32 SH3 residues and 45 SH2 residues.
tubes (Shigemi). 15N-{1H} NOEs were measured previously for FynSH32 in complex
with similar peptides [10] and were used to eliminate residues with
15N-{1H} NOEs 0.55, i.e., with large-amplitude internal motions. A
Peptide Ligands somewhat low cutoff value is used here because pronounced amide
The HMTA peptide EPQpYEEIPIYL (1487.6 Da) was purchased from exchange under the solution conditions used lead to generally re-
MWG-Biotech AG, Germany. The FAK3A peptide AAAARALPSIPKL duced heteronuclear NOEs. Of the remaining residues, only residues
(1278.5 Da) and the SM1 peptide ATEPQpYQPGEN (1328.2 Da) were in regular secondary structure were included in the diffusion analysis
synthesized by the Oxford Centre for Molecular Sciences peptide (17 SH3 and 27 SH2 residues). When using statistical criteria to test
synthesis facility. All peptides were synthesized with a free C-ter- for conformational exchange [47], residues I111 and N136 of SH3
and S188 of SH2 stand out with overly large T1/T2 ratios. However,minal carboxyl group.
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the large T1/T2 ratios for N136 and S188 arise only from time-aver- 15.5, 25.5  12.3, and 26.5  9.0 (for B SH3). These values
show that the direction of domain inclination is similar for both theaged H-N orientations close to parallel to the stable principal z
tensor axis, whereas the T1/T2 ratio of I111 is extreme, considering alignment or diffusion tensor-derived domain-domain orientation.
The differences for SH3 are mainly responsible for the slightly largerits time-averaged H-N vector orientation. Consequently, N136 and
S188 were maintained, and I111 was eliminated. One more SH3 and domain inclination obtained for the diffusion tensor result. As dis-
cussed in the main text, the relatively small T1/T2 dataset availablethree SH2 residues were eliminated on statistical grounds without
significantly affecting the estimation of the diffusion tensor parame- for SH3 (Figure 4) combined with the more pronounced sensitivity
of T1/T2 ratios than RDCs to internal H-N motions [32, 34] is, mostters. Nonlinear optimization, of the fit of the experimental T1/T2 ratios
to calculated values, as a function of alignment tensor parameters, likely, causing this difference.
was performed with the program Tensor 2.0 [48] and home-written
software [49]. Five hundred Monte Carlo simulations were carried Acknowledgments
out with Tensor 2.0 to estimate uncertainties in the diffusion tensor
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determined isotropic correlation time of peptide-bound FynSH32
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